Bacteria contain a single multisubunit RNA polymerase that is responsible for the synthesis of all RNA. Previous studies of the Escherichia coli K-12 laboratory strain identified a group of effector proteins that interact directly with RNA polymerase to modulate the efficiency of transcription initiation, elongation, or termination. Here we used a rapid affinity isolation technique to isolate RNA polymerase from the pathogenic Escherichia coli strain O157:H7 Sakai. We analyzed the RNA polymerase enzyme complex using mass spectrometry and identified associated proteins. Although E. coli O157:H7 Sakai contains more than 1,600 genes not present in the K-12 strain, many of which are predicted to be involved in transcription regulation, all of the identified proteins in this study were encoded on the "core" E. coli genome.
In all bacteria, one multisubunit RNA polymerase (RNAP) is responsible for the synthesis of RNA. In the widely studied model bacteria Escherichia coli K-12, the RNAP core enzyme is a complex of five subunits (␣ 2 ␤␤Ј) that is competent for DNA-directed RNA synthesis but is reliant upon the binding of a dissociable sigma factor, which forms the holoenzyme, for promoter recognition and transcription initiation. The most-abundant sigma factor in the Escherichia coli K-12 laboratory strain is 70 (the rpoD gene product), which directs the majority of transcription during vegetative growth in rich media (4, 22) . Six other sigma factors that are required for growth and survival in certain growth conditions have been identified (10) .
Regulating the activity of RNAP is a key mechanism in the adaptation of E. coli to environmental stress. It is primarily achieved by more than 300 DNA binding transcription factors that modulate the activity of RNAP at specific promoters (19) . In addition, several effector proteins, which interact directly with RNAP, have been identified. These effector proteins affect different processes in the transcription cycle, from modulating the binding of specific sigma factors (26) to altering the efficiency of transcription elongation or termination (15) .
The genome sequences of several pathogenic E. coli strains have now been determined, and it is apparent that these strains differ greatly from the laboratory K-12 strain. For example, in a comparison of three E. coli strains, MG1655 K-12, CFT073, and O157:H7 EDL933, only 2,996 proteins out of a total of 7,638 identified proteins were found to be shared among the strains (27) . Moreover, a recent comparison of 31 O157:H7 strains revealed that only 67% of open reading frames were detected in all the strains (30) . Thus, it seems likely that the genetic composition of any E. coli strain consists of a "core" genome, common to all strains of the genus Escherichia, a subset of genes shared by several strains, and a number of genes specific to that particular strain. Hence, throughout the genus Escherichia, it is likely that a significant number of transcription regulatory proteins and RNAP effector proteins remain to be been identified.
In the present study, we isolated RNAP from the enterohemorrhagic E. coli strain O157:H7 Sakai, whose genome is 859 kb larger than that of K-12 and contains more than 1,600 genes that are not present in K-12 (8) . Enterohemorrhagic E. coli strains are important human pathogens, capable of causing severe enteritis and hemolytic uremia syndrome (16, 21) . For virulence in humans, the infectious dose of O157:H7 is very low, perhaps as low as 100 viable organisms, indicating that survival of the gastric acid barrier is key to O157:H7 virulence (13) . To determine if any of the additional genes in O157:H7 Sakai encode products that are associated with RNAP, we analyzed the complex at different phases of growth and during virulence-inducing conditions. To do this, we fused the ␤Ј subunit of RNAP with a protein A affinity tag and used a rapid affinity isolation technique to purify the RNAP enzyme from cells. The proteins were then identified by mass spectrometry. We identified several proteins previously reported to interact with RNAP and some unknown proteins. However, all the identified RNAP-associated proteins were from the core genome, and none were specific to the O157:H7 Sakai strain. By utilizing the I-DIRT (isotopic determination of interactions as random or targeted) (24) technique, we also determined which of these proteins are tightly associated with RNAP during the stationary and exponential phases of growth.
MATERIALS AND METHODS

E. coli strains.
A derivative of the E. coli strain O157:H7 Sakai with deletions of the Shiga toxin-encoding genes Stx1 and Stx2 was used in this study (a gift from M. Goldberg). To isolate RNAP, we engineered a version of this strain in which the C terminus of the rpoC gene was fused to four repeats of a sequence encoding a protein A affinity tag (4PrA) (2) . RNAP from the resulting strain could then be isolated by immunoprecipitation with immunoglobulin G-tethered beads. To tag rpoC, we used the gene-gorging technique for chromosomal gene tagging (9) . A derivative of pET21a containing an I-SceI meganuclease site followed by the C-terminal 200 bp of the rpoC gene fused to the 4PrA affinity tag was constructed. Immediately downstream was a kanamycin resistance gene, followed by 200 bp containing homology to the region of the chromosome immediately downstream of the rpoC gene. This plasmid was used as the donor plasmid for gene gorging. This resulted in an O157:H7 Sakai strain expressing RNAP tagged at the C terminus of the ␤Ј subunit with a 4PrA moiety carrying a selectable kanamycin resistance cassette. We confirmed the presence of the chromosomal rpoC::4PrA fusion by PCR and the expression of the fused protein by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and by Western blotting with an antibody specific to protein A.
Growth of strains and sample preparation. Cells from the tagged strain were grown in either minimal salts media (MSM) supplemented with 0.4% glucose (20) or in Dulbecco's modified Eagle media (DMEM) to the mid-exponential phase (optical density at 650 nm [OD 650 ], 0.7) of growth. Cells were collected by centrifugation, frozen as small pellets in liquid nitrogen, and stored at Ϫ80°C. Cells subjected to an acid challenge were grown in MSM plus 0.4% glucose, and the pH of the culture was lowered with HCl to pH 3.0 30 min prior to harvesting.
To prepare samples for I-DIRT analysis, the tagged strain was grown in MSM supplemented with 0.4% glucose. The parent strain was grown in media in which the (NH 4 ) 2 SO 4 was replaced with ( 15 NH 4 ) 2 SO 4 (Cambridge Isotopes). Growth rates for the two strains were tested and found to be identical. Both strains were grown at 37°C to mid-log phase (OD 650 , 0.7) and stationary phase (OD 650 for 24-h culture, 3.0), and cells were collected by centrifugation, frozen as small pellets in liquid nitrogen, and stored at Ϫ80°C.
Affinity isolation of affinity-tagged RNAP. To attempt to maintain protein interactions during the isolation of RNAP:4PrA, we used nonstringent conditions and a rapid purification protocol (6, 28) , ensuring minimal loss of interacting proteins while reducing the likelihood of contamination. For growth in MSM, MSM plus acid, and DMEM, we resuspended 1 g of cell pellets in 10 ml of extraction buffer (20 mM HEPES [pH 7.4], 150 mM NaCl, 2 mM MgCl 2 , 0.1% Tween 20, 200 g/ml phenylmethylsulfonyl fluoride, 4 g/ml pepstatin, protease inhibitor cocktail [1 tablet; Roche]). DNase I (20 g/ml), RNase A (300 g/ml), and lysozyme (200 g/ml) were then added, the mixture was sonicated three times for 1 min each, and the lysate was cleared by centrifugation.
To prepare I-DIRT samples, an equal weight of cell pellets from the parent strain (isotopically heavy) and the tagged strain (isotopically light) were mixed and cryogenically lysed in a grinding mill (Retsch MM301) maintained at liquid nitrogen temperature. Two grams of the lysed mixture from the parent and tagged strains was then resuspended in 20 ml of extraction buffer. DNase I and RNase A were added, and the lysate was cleared by centrifugation.
For each of the lysis methods, the supernatant was removed and incubated with 20 mg of Dynabeads (M270-epoxy; Dynal) coated with rabbit immunoglobulin G for 3 min. The beads were collected with a magnet and washed with buffer (20 mM HEPES [pH 7.4], 150 mM NaCl, 0.1% Tween 20). The proteins were then eluted from the beads by incubation for 5 min with elution buffer (0.5 M NH 4 OH-0.5 mM EDTA). Coeluted proteins were vacuum dried and reduced and alkylated by resuspension in SDS-PAGE loading buffer containing 10 mM tris(2-carboxyethyl)phosphine-HCl (Sigma) and 50 mM iodoacetamide (Sigma). The proteins were resolved by SDS-PAGE in 4% to 12% gradient gels (Invitrogen) and visualized with Coomassie blue staining. The entire lane was sliced, and the proteins in each slice were digested with trypsin for 8 h at 37°C. The peptides from each gel slice were purified and analyzed by mass spectrometry.
Mass spectrometry and I-DIRT analyses. The samples derived from exponential-phase cells grown in DMEM were analyzed using an LTQ FT Ultra hybrid mass spectrometer (Thermo Scientific), and the data were analyzed using BioWorks and the SEQUEST algorithm (Thermo Scientific). The samples derived from MSM plus acid were analyzed using a MALDI QqTOF mass spectrometer (12) and then subjected to MALDI ion trap tandem mass spectrometry (11) . The data were analyzed using the programs ProFound (29) and XProteo.
The I-DIRT samples were analyzed using a MALDI QqTOF mass spectrometer, and ion peak masses were assigned using the program MoverZ. A list of peptide masses was obtained for each gel slice and searched for proteins by using ProFound and XProteo. For each protein identified, the assigned peptides were validated by searching for each assigned peptide in a mass spectrum derived from an affinity isolate from tagged, isotopically light cells. Next, the number of nitrogen atoms in each peptide was calculated, and the mass spectrum for the light/heavy mix was searched for the presence of the heavy peptides. Heavy peptides were validated by their absence in a mass spectrum derived solely from affinity isolates from tagged, isotopically light cells. All detected ion peaks corresponding to light and heavy peptides were then subjected to MALDI ion trap tandem mass spectrometry, the resulting fragmentation masses were searched for proteins, using XProteo, and each peptide was validated, using the program ProteinProspector (prospector.ucsf.edu). The nature of the interaction was investigated by analyzing the isotopic ratio of the identified peptides (I-DIRT analysis). For each peptide identified, peak areas were assigned for the light and heavy species, using the program MoverZ, and light/heavy ratios were determined as previously described (24) .
RESULTS
RNAP-associated proteins. To identify proteins from the O157:H7 Sakai strain that interact with RNAP, we affinity isolated RNAP, using a chromosomally tagged ␤Ј:4PrA subunit. The 4PrA tag (2) was located at the C terminus of the ␤Ј subunit; a previous report showed that tagging at this location had no detrimental effects on the function of RNAP (17) . To confirm the presence of tagged ␤Ј, we analyzed a whole-cell lysate by SDS-PAGE and visualized ␤Ј:4PrA by Western blotting, which was probed with antibodies specific for protein A (Fig. 1A) . Figure 1B shows that the presence of the 4PrA tag had little or no effect on cell growth compared to the growth of the parent strain.
RNAP was affinity isolated from cells grown to mid-exponential phase in three different media: minimal salts supplemented with 0.4% glucose; minimal salts supplemented with 0.4% glucose and subjected to an acid shock to mimic the human gastric acid barrier; and DMEM, which contains sodium bicarbonate, a key compound in the lower intestinal tract known to promote O157:H7 Sakai colonization (1). We also examined whether the growth phase affected the binding of proteins to RNAP by affinity isolating RNAP from cells grown to stationary phase in minimal salts supplemented with 0.4% glucose. Importantly, prior to being affinity isolated, the samples were incubated with DNase I and RNase A to prevent DNA binding proteins (e.g., transcription factors) and RNA-associated proteins (e.g., ribosomes) from being coisolated with RNAP. Protein complexes isolated in each growth condition were analyzed by SDS-PAGE. Figure 1C shows a typical gel lane with the locations of the major RNAP subunits. The entire gel lane for each affinity isolation was sliced, and the proteins were analyzed after being digested with trypsin. Table 1 lists the proteins that were identified from each of the four growth conditions. In total, 29 proteins were identified. As expected, these include the ␤Ј:4PrA fusion protein (RpoC) along with the other three components of the core RNAP enzyme complex, ␤ (RpoB), ␣ (RpoA), and (RpoZ). Four of the seven sigma factors (14) were identified: 70 (RpoD), the most-abundant sigma factor; 38 (RpoS), the stationary-phase sigma factor, 54 (RpoN), the sigma factor that controls expression of nitrogen-related genes, and 24 (RpoE), a sigma factor that drives transcription of genes required under heat shock conditions. All four sigma factors were identified in each of the exponential-phase affinity isolates, whereas only 70 and 38 were coisolated in stationary-phase isolates. Two proteins, RapA, which is involved in the recycling of RNAP (23) , and NusG (15), which is involved in transcription antitermination, were coisolated in all growth conditions. Of the remaining proteins, nine have previously been reported to associate with RNAP in E. coli K-12 (3, 5, 7) . DnaK, NusA, VOL. 190, 2008 RNA POLYMERASE-ASSOCIATED PROTEINS 1285
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YegD, TufA, DnaJ, GreB, YacL, and CedA were coisolated in one or more of the growth conditions, whereas Crl was isolated only in DMEM. The other 10 proteins that coisolated with RNAP are GadB, AtpD, OmpC, OmpA, RfaD, YgfB, OmpX, Dps, YgaU, and ElaB. None of these identified proteins were found to be as abundant as the core RNAP subunits when viewed on the SDS-PAGE gel (Fig. 1C) , suggesting that none of the proteins are associated with all of the RNAP enzymes within the cell. I-DIRT analysis of the RNAP complex from exponentialand stationary-phase cultures. In order to distinguish RNAP binding proteins that bind tightly to the complex within the cell from those that are nonspecific contaminants, we utilized the I-DIRT technique, which is outlined in Fig. 2 (24) . Cells expressing the 4PrA-tagged RNAP were grown in light-isotope media, whereas the parent strain was grown in heavy-isotope media. Cells from each were mixed and lysed, and after affinity isolation of the RNAP enzyme complex, copurified proteins were separated by SDS-PAGE and analyzed by mass spectrometry. Specifically bound proteins that remained tightly associated with the RNAP complex (i.e., those having a slow exchange rate) consisted of 100% light-isotope proteins, whereas proteins that interacted with RNAP only after cell lysis and during the affinity isolation procedure had an equal chance of being represented by light-and heavy-isotope proteins. There is an intermediate possibility for specific but relatively fast-exchanging proteins; these would contain somewhere between 50% light (for fast-exchanging proteins) and 100% light (for slowexchanging proteins) isotopes. Figure 3 shows an example of the mass spectrum of two identified peptides from YacL and two from ElaB. Figure 3A shows the spectrum of a singly protonated YacL peptide with a mass-to-charge ratio (m/z) of 973 Da. The mass of the corresponding heavy-isotope peptide is dependent on the number of nitrogen ( 15 N) atoms within the peptide. The calculated m/z for this peptide, which contains 10 nitrogen atoms, is 983 Da-i.e., 10 Da heavier than the light-isotope-containing peptide. No peak at this mass is discernible above the chemical noise in the mass spectrum, indicating that YacL represents a tight, specific interaction. This is also the case for the YacL peptide, with a m/z of 2,023 Da, confirming that YacL is a tight binding RNAP-associated protein. In contrast, the peptides corresponding to ElaB are present in both the light-and heavyisotope forms, with a light/heavy ratio of approximately 1:1. Hence, ElaB is either a contaminant or involved in rapid exchange (Fig. 3B) .
The isotopic ratios of at least three peptides for each of the proteins that were identified in the exponential phase or stationary phase were calculated, and the mean values for these ratios are shown in Fig. 4 . Taking into account the statistical variance of the results, a cutoff of 60% light was applied, whereby those proteins consisting of Ͼ60% light isotopes were deemed to be bona fide interactors with various degrees of rates of exchange, whereas those under 60% were deemed to be either very rapidly exchanging proteins or contaminants. As expected, the composition of identified peptides for the four subunits of the RNAP core enzyme, ␤Ј (RpoC), ␤ (RpoB), ␣ (RpoA), and (RpoZ), was almost 100% light isotope. All of the identified sigma subunits, RpoE, RpoS, RpoN, and RpoD, were identified as tightly associated proteins, along with the two transcription antitermination proteins NusA and NusG and the transcription elongation factor GreB. The chaperone complex DnaK/ DnaJ and the predicted DnaK homologue, YegD, were also in this group, along with CedA and YacL. The remaining 12 proteins that were coisolated with RNAP all consist of heavy-and light-isotope peptides with a ratio approaching 1:1, indicating that these proteins are either very rapidly exchanging proteins or contaminants.
DISCUSSION
Using the I-DIRT technique, we identified 12 proteins that are tightly associated with the RNAP enzyme from E. coli O157:H7 Sakai during different stages of growth. These are RpoD, DnaK, NusA, RpoN, YegD, DnaJ, RpoS, RpoE, NusG, GreB, YacL, and CedA. These proteins also coisolated with RNAP purified from cells grown in virulence-inducing DMEM, and all but two (NusA and DnaJ) of these proteins were coisolated with RNAP in acid-shocked cells. We also identified 12 proteins that were categorized by I-DIRT as weak associates or contaminants: RapA, GadB, AtpD, TufA, OmpC, OmpA, RfaD, YgfB, Dps, OmpX, YgaU, and ElaB. It is important to note that some low-abundance proteins, or . Equal amounts of the cells were mixed, and the tagged protein complex was affinity isolated. Proteins within the complex were identified by mass spectrometry. Tight binding proteins were identified as mostly isotopically light, and rapidly exchanging proteins were identified as an equal mixture of light and heavy isotopes. proteins that interact weakly with RNAP, may not have been detected in this study.
A key conclusion from this work is that none of the RNAP binding proteins are Sakai specific, despite the fact that the genome of O157:H7 Sakai codes for more than 1,600 proteins not present in the K-12 laboratory strain. This is surprising, given that around 40 of these proteins are predicted transcription regulatory proteins and more than 750 are of unknown function. Instead, every protein that we determined to tightly associate with RNAP has previously been shown to interact with RNAP in the E. coli K-12 laboratory strain (3, 5) . Our results suggest that RNAP from O157:H7 Sakai is not tightly associated with any Sakai-specific proteins.
In addition to tightly associated proteins, we identified several proteins associated with RNAP that are categorized as contaminants or weak specifically associated proteins. Although most of these are likely to be true contaminants, two, RapA and TuFA, are known to form bona fide interactions with RNAP (18, 25) . Presumably these proteins bind specifically, but weakly, to RNAP, with fast exchange rates. Note, however, that our observation of the association of these proteins with RNAP means that the rate of exchange is sufficiently slow or that the proteins are sufficiently abundant so as not to lose the protein during the affinity isolation procedure. There is also the possibility that the interaction is inhibited within the cell and forms only upon cell lysis, when RNAP is released from the DNA binding and is no longer involved in transcription.
Finally, the known RNAP-associated protein, Crl, was coisolated with RNAP only from cells grown in DMEM medium. Crl is involved in assisting sigma factor binding to core enzyme, particularly alternate sigma factors such as 38 (7, 26) . The DMEM medium contains sodium bicarbonate, which is an abundant compound in the lower intestine where the bacteria colonize. Since the environment in the gut is hostile, transcription directed by other sigma factors may play a role in its survival, suggesting a possible role for Crl in the programming of RNAP to express particular genes during colonization. 
